• Alternative herbicide sites of action are desperately needed in US rice.
, and pethoxamid at 0.75 lb a.i. ac -1 were applied delayed preemergence (DPRE) and to spiking and one-to two-leaf rice on a Dewitt silt loam and a Sharkey clay soil. Trials were conducted at separate locations to determine the effect differing soil properties may have on the tolerance of rice to VLCFA-inhibiting herbicides. Substantial rice injury was observed on the Dewitt silt loam soil following all pyroxasulfone and S-metolachlor treatments, ranging from 20 to 100% injury 3 weeks after rice flooding. On the Dewitt silt loam, treatments containing acetochlor and pethoxamid applied to one-to two-leaf rice resulted in minimal injury and the highest yields observed among VLCFA-inhibiting herbicides. In general, rice injury ratings were less on the Sharkey clay soil. Pethoxamid and acetochlor applied to rice at any application timing resulted in ≤ 1% injury 2 weeks after treatment. Hence, contingent on a label, pethoxamid and acetochlor can be applied under similar conditions as early as DPRE on the Sharkey clay soil and not until the one-to two-leaf rice stage on the Dewitt silt loam at the rates assessed.
Need for Alternatives Herbicides in Midsouth Rice
Currently, there are no VLCFA-inhibiting herbicides labeled for use in US rice production. However, due to the evolution of resistant weed species such as barnyardgrass [Echinochloa crus-galli (L.) Beauv.] and red rice (Oryza sativa var. sylvatica L.), it is imperative that alternative herbicide SOA are integrated into rice production whenever possible. Herbicides that inhibit VLCFA are currently labeled in the US for use in various row crops for control of grasses and small-seeded broadleaf weeds (Knowles, 1998) . These herbicides would include acetochlor, alachlor, butachlor, metolachlor, pyroxasulfone, and pethoxamid, which is currently under development for use in US rice production by FMC (Mallory-Smith and Retzinger, 2003; Kraehmer et al., 2014; Don Johnson, personal communication (Heap, 2017; Scott et al., 2018) . Currently, barnyardgrass populations in the Midsouth have been confirmed resistant to every SOA labeled in the crop, except for pendimethalin and thiobencarb (Heap, 2017) . Targeting the most troublesome weeds and using multiple herbicide SOAs through annual herbicide rotations, herbicide mixtures, and sequential applications is an important way to combat resistance (Norsworthy et al., 2012) .
No new SOA has been introduced commercially in any agronomic crop in more than 20 years (Duke, 2011) . This is due to several factors. One is that overreliance on glyphosateresistant crops devalued the use of herbicides other than glyphosate. Another factor concerns the consolidation of the majority of the pesticide discovery industry along with the high cost associated with pesticide development and increasing regulation (Duke, 2011) . Because the development of a new herbicide SOA is difficult, integrating a SOA currently used in other cropping systems into rice, such as VLCFAinhibiting herbicides, may provide a simple, yet effective benefit to rice weed control.
Herbicides that inhibit VLCFA are currently used to control weeds such as barnyardgrass and red rice in row crop production including soybean [Glycine max (L.) Merr.], corn (Zea mays L.), cotton (Gossypium hirsutum L.), and various other crops. In Brazil, S-metolachlor has provided up to 90% control of red rice 14 days after a preemergence (PRE) application of 1.50 lb a.i. ac -1 in soybean (Zemolin et al., 2014) . Season-long control of barnyardgrass, up to 63%, has been observed 95 to 140 days after a single PRE application of a microencapsulated formulation of acetochlor at 1.13 lb ac -1 in corn (Janak and Grichar, 2016) . Another VLCFA-inhibiting herbicide that has provided high levels of barnyardgrass control is pyroxasulfone. In 2009, PRE applications of pyroxasulfone at 0.14 lb ac -1 controlled barnyardgrass up to 100% in potato (Solanum tuberosum L.) 66 days after treatment in Ontario (Boydston et al., 2012) . The final VLCFA-inhibiting herbicide evaluated in the study is pethoxamid, which has also provided levels of barnyardgrass control up to 91% as a PRE application at 1.07 lb ac -1 in sunflower (Helianthus annuus L.) (Jursik et al., 2012) . Control of red rice and barnyardgrass associated with the VLCFA-inhibiting herbicides in these studies indicate that this SOA may provide weed control in rice if tolerance can be established.
Because VLCFA-inhibiting herbicides are soil-applied, several factors have a significant impact on herbicidal activity including soil composition and soil chemistry (Curran, 2001) . The most important soil properties that affect activity of a soilapplied herbicide are organic matter (OM), clay content, and pH (Eberlein et al., 1984) . Adsorption of herbicides in the soil is closely associated with the inorganic and organic colloids of the soil (Rao, 2000) . All these factors interact to influence the activity and persistence of soil-applied herbicides.
When assessing herbicides, such as VLCFA-inhibiting herbicides, to be integrated into a crop such as rice, rice tolerance must be established. Characterizing herbicides over various soil textures and conditions allows for the determination of appropriate application timings based on rice tolerance. The Sharkey clay and Dewitt silt loam evaluated in these studies are common to rice production in Arkansas. Considering the success of VLCFA-inhibiting herbicides in Asian rice production and the effect of soil properties on herbicidal activity, it is believed that rice tolerance to VLCFA-inhibiting herbicides will differ between a clay and a silt loam; however, these herbicides may provide a safe and alternative SOA for use in US rice production. It was hypothesized that rice would be tolerant to at least one VLCFA-inhibiting herbicide based on application timing and that rice would be more tolerant to these herbicides on a Sharkey clay than a Dewitt silt loam. The objective of these experiments was to assess the tolerance of rice to VLCFA-inhibiting herbicides on two different soils applied over multiple application timings.
Methodology
Field trials were conducted on the tolerance of rice to VLCFAinhibiting herbicides in 2015 and 2016 at the Rice Research and Extension Center near Stuttgart, AR (hereafter referred . Application dates for each timing and location are shown in Table 1 . All herbicides were applied with a CO 2 -pressurized backpack sprayer through 110015 AIXR (TeeJet) nozzles calibrated to deliver 15 gal ac -1 using a three-nozzle boom at 20-inch spacing at 3 mi h -1 . All trials were focused strictly on rice tolerance; therefore, plots were kept weed free at both locations using herbicides recommended for weed control in Arkansas rice (Scott et al., 2018) .
Data collection for all trials consisted of a visual assessment of crop injury 2 weeks after treatment (WAT) and 3 weeks after rice flooding (WAF) compared with the nontreated control on a 0 to 100 scale, with 0 representing no crop injury and 100 representing crop death. The aspects associated with the visual assessment of crop injury included a visible reduction in rice stand, tillering, and height as well as overall plant vigor. Other parameters evaluated were rice shoot density (shoots per foot of row), rice canopy height at three locations per plot (inches), days to 50% heading relative to the nontreated control, and rough rice yield (bu ac Data were analyzed in JMP 12 Pro (SAS Institute Inc, Cary, NC). Data for each year were analyzed separately because of differences in rainfall patterns between years. All data were subjected to analysis of variance with replication included as a random effect. All means were separated using Fisher's protected LSD (α = 0.05).
Performance on Silt Loam
Overall, more injury was observed across all application timings following pyroxasulfone and S-metolachlor when compared with acetochlor and pethoxamid (Table 2 ). In 2015, visible injury 2 WAT was ≤ 9% following applications of acetochlor at all timings assessed, the one-to two-leaf application of S-metolachlor, and the spiking and one-to two-leaf applications of pethoxamid (Table 2) . Although not compared directly between years, injury was generally greater in 2016 than in 2015 due to a rainfall event of 4.1 inches on 3 May 2016, which was immediately after the spiking treatments were applied in the same day. Even though spiking rice was present, an inconsistent stand occurred due to the dry conditions between planting on 25 April and the 4.1 inches rainfall on 3 May (Fig. 1) . The 4.1 inches of rainfall was likely sufficient to activate the herbicides and cause some downward movement into the soil, which increased overall injury compared with 2015 when no rainfall event greater than 2.2 inches was recorded between planting and the final herbicide application (Fig. 2) . The lowest injury in 2016, however, was following acetochlor and pethoxamid applications to one-to two-lf rice (Table 2) .
By 3 WAF, visible injury was ≤ 3% following applications of acetochlor or pethoxamid when averaged over all application timings in 2015 (Table 2 ). Similar to 2 WAT, injury was lowest following the one-to two-leaf applications of acetochlor and pethoxamid at 3 WAF in 2016. Relatively high levels of visible injury were observed 3 WAF for all applications of pyroxasulfone and S-metolachlor. Rate × timing (P) 0.0022 < 0.0001 NS < 0.0001 NS < 0.0001 † DPRE, delayed preemergence; lf, leaf; NS, not significant. ‡ Means within a column followed by the same lowercase letter are not different according to Fisher's protected LSD (α = 0.05). § Letters followed by asterisks (*) for height and yield denote a statistical decrease from the nontreated control based on the confidence intervals obtained for each interaction or main effect.
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Rice shoot densities and height were similar to the nontreated control in 2015 following applications of pethoxamid and acetochlor when averaged over all application timings and in 2016 following applications of acetochlor and pethoxamid at one-to two-leaf rice (Tables 2 and 3 ). Delays to 50% heading in 2015 compared with the nontreated control were observed following all applications of pyroxasulfone and S-metolachlor; however, no delay in heading resulted from any application of acetochlor or pethoxamid (Table 3) . Different from 2015, delays to 50% heading did occur in 2016 following the DPRE application of acetochlor and the spiking and one-to two-leaf applications of pethoxamid, ranging from 8 to 11 days. The delay to 50% heading associated with pethoxamid applied at spiking and one-to two-leaf rice did not have a deleterious effect on rough rice yield (Table 3) . No interaction occurred for rough rice yield in 2015; however, the highest yields compared with the nontreated control were for the acetochlor and pethoxamid-treated plots when averaged over all application timings (Table 3) .
Rice generally exhibited adequate tolerance to acetochlor and pethoxamid in 2015 and 2016 on the silt loam soil whereas the crop was often negatively affected by S-metolachlor and pyroxasulfone based on yield, height, shoot density, and visible injury. These findings lead to the conclusion that the VLCFA-inhibiting herbicides pethoxamid and acetochlor can be applied to rice on a silt loam soil under the environmental conditions evaluated; however, it is important to make sure at least one true leaf is present to ensure rice tolerance.
Performance on Clay Soil
Similar to results in the silt loam soil, rice injury was less with acetochlor and pethoxamid than with pyroxasulfone and S-metolachlor (Table 4) . Unlike Stuttgart, however, rainfall events were not substantial enough to have an impact on rice injury in either 2015 or 2016 at Keiser ( Fig. 1 and 2 ). Injury ratings of up to 48 and 28% at 2 WAT were observed in 2016 following applications of pyroxasulfone and S-metolachlor, respectively; however, injury was ≤ 1% with acetochlor or pethoxamid (Table 4) . At 3 WAF in 2015, there was no significant interaction between factors for rice injury (Table 4) . However, pyroxasulfone injured rice more than did acetochlor, S-metolachlor, or pethoxamid, which was minimal. Injury levels ≥ 10% were observed following all applications of pethoxamid in 2016; however, the injury observed was a function of overall plant vigor since no reduction in shoot density or rice height was noticed compared to the nontreated control (Tables 4 and 5 ).
There was no appreciable delay in heading (≤ 1 d) and no reduction in yield compared with the nontreated control following applications of pethoxamid or acetochlor at any timing (Table 5) . Hence, on the clay soil, pethoxamid and acetochlor were the only VLCFA-inhibiting herbicides to which rice exhibited adequate tolerance across all parameters assessed. Even though visible injury ranging from 10 to 23% was observed following applications of pethoxamid 3 WAF in 2016, no reduction in shoot density, days to 50% heading, or rough rice yield occurred when compared with the nontreated control (Tables 4 and 5 ). Visible injury was ≤ 4% following any application of acetochlor at 2 WAT and 3 WAF in 2015 and 2016. Similarly, yield of rice treated with acetochlor was not reduced compared with the nontreated control. Considering these data, acetochlor and pethoxamid can safely be applied at any timing assessed to rice on a clay soil under the conditions present in this study with minimal rice injury.
Influence of Soil Properties
Research has shown that OM is the main component responsible for herbicide adsorption (Rao, 2000) . Because of the increased adsorptive capability of soils high in OM, it is sometimes necessary to increase the application rates of some soil-applied herbicides. The contrasting soil properties between the Dewitt silt loam at Stuttgart and the Sharkey clay at Keiser likely contributed to some of the differences 
Herbicide × timing (P) NS < 0.0001 < 0.0001 < 0.0001 † DPRE, delayed preemergence; lf, leaf; NS, not significant. ‡ Means within a column followed by the same lowercase letter are not different according to Fisher's protected LSD (α = 0.05). § Letters followed by asterisks (*) for height and yield denote a statistical decrease from the nontreated control based on the confidence intervals obtained for each interaction or main effect. ¶ Delay in heading is reported as average days to 50% heading after the nontreated control.
observed in rice tolerance to VLCFA-inhibiting herbicides. The Sharkey clay soil at Keiser has a higher OM (3.4% OM) and clay content (53.7% clay) than the Dewitt silt loam soil at Stuttgart (1.8% OM and 20.2% clay).
Research has shown that two to three times more herbicide may be required for 80% weed control on a soil with an OM of 19.3% compared with a soil with an OM of 8% due to the adsorptive properties of OM (Rahman et al., 1978) . The soil at Keiser would be more adsorptive than the soil at Stuttgart, resulting in less rice injury from VLCFA-inhibiting herbicides. Along with OM, the increase in clay content at Keiser compared with Stuttgart would allow more herbicide adsorption and less rice injury. In other research, the strongest sorbent of acetochlor was the soil highest in clay content on soils ranging from 23.6 to 3.4% clay (Durovic et al., 2009 ).
Practical Implications
Herbicides that inhibit VLCFA may provide an alternative option for rice weed control. As the evolution of herbicide resistance continues, it is important that growers be presented with new herbicide options to alternate and tank-mix to combat resistant weed species such as red rice and barnyardgrass. Considering the low amounts of injury and absence of yield reduction associated with the use of acetochlor and pethoxamid in rice at the one-to two-leaf application timing on a silt loam Pethoxamid × 1-2 lf 0 c 0 e 0 10 ef -91
P-values from ANOVA Herbicide (P) < 0.0001 < 0.0001 < 0.0001 < 0.0001 NS Timing (P) < 0.0001 < 0.0001 NS < 0.0001 NS Herbicide × timing (P) < 0.0001 < 0.0001 NS < 0.0001 NS † DPRE, delayed preemergence; lf, leaf; NS, not significant. ‡ Means within a column followed by the same lowercase letter are not different according to Fisher's protected LSD (α = 0.05). § Letters followed by asterisks (*) for height and yield denote a statistical decrease from the nontreated control based on the confidence intervals obtained for each interaction or main effect.
soil and at all timings assessed on a clay soil, these VLCFAinhibiting herbicides may be used safely in rice production.
Differences in injury were noticed with the same treatments on differing soil textures. In general, numerically less injury was seen on the Sharkey clay soil than on the Dewitt silt loam soil. The increase in clay content and OM associated with the clay soil likely caused more herbicide adsorption and therefore less phytotoxicity than that observed on the silt loam soil. At the rates assessed, pethoxamid and acetochlor can be applied safely to rice at application timings as early as DPRE on a Sharkey clay soil, whereas on the Dewitt silt loam soil, the safest timing is at the one-to two-leaf stage. However, for acceptable levels of weed control, higher rates of pethoxamid and acetochlor than those used on the silt loam may be required on the Sharkey clay soil. Additional research is necessary to establish the rates of acetochlor and pethoxamid necessary for effective weed control and rice tolerance on these two soils. Rate × timing (P) NS 0.0121 < 0.0001 0.0056 < 0.0001 0.0114 † DPRE, delayed preemergence; NS, not significant. ‡ Means within a column followed by the same lowercase letter are not different according to Fisher's protected LSD (α = 0.05). § Letters followed by asterisks (*) for height and yield denote a statistical decrease from the nontreated control based on the confidence intervals obtained for each interaction or main effect.
